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Methyl mercury (MeHg) has been known for over a decade 
to be an environmentally important toxic chemical [l-4]. 
Over the past few years, a number of studies have dem- 
onstrated the toxicity of the chemical at the cellular level 
151; however, the mechanism of cellular toxicity of MeHg 
remains unknown. 

There have been several studies on the effects of MeHg 
on cellular macromolecular synthesis [5-111. Studies on 
nucleic acid synthesis have examined its effects on total 
DNA and RNA synthesis in the cell, which, of course, is 
primarily nuclear. However, mitachondria possess their 
own DNA, which undergoes replication and transcription 
[12], and recent reports have suggested that effects on 
mitochondria may be an important component of 
mercury-induced toxicity [13,14]. Furthermore, recent 
findings have suggested that mitochondrial DNA may be 
a major and perhaps even preferential target for some 
chemical carcinogens [15-171. We therefore feit that an 
examination of the effects of MeHg on nucleic acid synthesis 
in mitochondria would be important for obtaining a com- 
plete picture of the toxic effects of the compound. In 
addition, in a recent study of nucleic acid synthesis ifI uitro 
in isolated nuclei, we found that MeHg specifically stimu- 
lated RNA synthesis catatyzed by RNA polymerase II but 
inhibited RNA synthesis catalyzed by polymerases I and 
III, as well as DNA synthesis [18]. Since isolated mito- 
chondria also carry out synthesis of DNA and RNA in 
vitro (reviewed in Refs. 19 and 20), it was also of interest 
to compare the effects of MeHg on nucleic acid synthesis 
in isolated mitochondria with its effects on synthesis in 
isolated nuclei. 

Materials and Methods 

Cells. HeLa cells were grown in suspension cultures in 
Joklik’s modified minimal essential medium IGIBCO. 
Grand Island, NY) containing 5% horse serum 

Materials. Unia~eled nucle&ide triphosphates were pur- 
chased from P.L. Biochemicals (Milwaukee. WI) and 
radioactive nucleoside triphosphate; from the New E&land 
Nuclear Corp. (Boston, MA): Methyl mercury hydroxide 
was ourchased from the Alfa Chemical Co. (Danvers. MA). 
ethihium bromide from Calbiochem (La jolla, CA), ar;d 
cu-amanitin from the Sigma Chemical Co. (St. Louis. MO). 

Nucleic acid synthesis in whole cells. Cells were suspended 
at a density of 2 x 106/ml (total 10 ml) and incubated at 37” 
for 2 hr with [3H]thymidine (5 @X/ml; 76 Ci/mmole) or 
[3H]uridine (5 &i/ml; 38 Ci/mmole) together with the 
indicated concentration of MeHg. Blanks were obtained 
by keeping the cultures at 0” for <he 2-hr period. After the 
incubation. the cells were washed twice with 0.15 M NaCl 
containing 5 mM KC1 and 1 mM MgC12, once with 10 mM 
Tris-HCI buffer (pH 8.1) containing 0.1 mM EDTA and 
0.25 M sucrose, and resuspended in the same buffer at a 
density of 5 X 106cells/ml. After dounce homogenization, 
the nuclei were collected by centrifugation for 4min at 
1500 g, washed once with the same buffer, and resuspended 
in 1 ml of 10 mM EDTA containing 0.1% sodium dodecyl 
sulfate (final pH = 7.4) to which 1 ml of 10% trichloroacetic 
acid was added. The precipitate was collected on a What- 
man GFiC filter. washed three times with cold 0.01 N HCl. 
and dried. The’radioactivity was determined in a liquid 
scintillation spectrometer. 

The supernatant fraction from the centrifugation in which 

the nuclei were pelleted was centrifuged for 1Omin at 
10,OOOg. After repeated centrifugation to remove residual 
nuclei, the mitochondrial pellet was resuspended in 10 mM 
Tris-HCl buffer (pH 8.1) containing 0.1 mM EDTA and 
0.25 M sucrose, centrifuged again3 and resuspended in 1 ml 
of 10 mM EDTA containing 0.1% sodium dodecyl sulfate 
(final pH = ‘7.4) to which 1 ml of 10% trichloroacetic acid 
was added. The precipitate was collected, and the radio- 
activity was determined as for the nuclear fraction. 

To determine cytoplasmic acid-precipitable radioactivity, 
1 ml of 10% trichloroacetic acid was added to a l-ml aliquot 
of the supernatant fraction of the centrifugation in which 
the mitochondria had been pelleted. The precipitate was 
collected, and the radioactivity was determined as for the 
nuclear fraction. 

Isolation of mitochondria and nuclei for in vitro synthesis. 
Nuclei were isolated from dounce-homogenized cells as 
described previously [X3]. After centrifugation of the cell 
lysate to remove the nuclei (IO min at 1500 8). the super- 
natant fraction was centrifuged repeatedly until no residual 
nuclear pellet was seen. The supernatant fraction was then 
centrifuged for 10 min at 10,~ g to pellet the mitochon- 
dria, which were then washed once with 50mM 4-(2- 
hydroxyethyl)-l-piperazine ethanesulfonic acid (Hepes) 
buffer ~DH 7.4) containing 100 mM NaCl and 1 mM M&l? 
and re&pendkd in the &me buffer (at a concentratio; of 
8 x lo8 cell equivalents/ml for DNA synthesis or 2.5 x 10’ 
cell equivalents/ml for RNA synthesis). 

Synthetic reactions were carried out with 0.1 ml of iso- 
lated nuclei or mitochondria, using the reaction mixture 
appropriate for DNA or RNA synthesis, as described pre- 
viously [18). 

Results and DiscLLssion 

It has been shown by Gruenwedel and Cruikshank [7] 
and confirmed in this laboratory [IS] that DNA and RNA 
synthesis in intact cells is inhibited by MeHg. To distinguish 
the two basic subcellular types of nucleic acid synthesis, 
i.e. nuclear and mitochondrial, cells which had been 
exposed to MeHg and (3H]thymidine or [“Hjuridine were 
fractionated into nuclear, cytoplasmic, and mitochondrial 
fractions, and the acid precipitable radioactivity in each 
fraction was determined. As expected, nuclear DNA and 
RNA synthesis, which represents >95% of the total cellular 
synthesis, was inhibited by MeHg (Fig. 1). The effect of 
MeHg on mitochondrial nucleic acid synthesis was virtually 
identical to its effect on nuclear synthesis. 

To be certain that the synthesis measured in this experi- 
ment was in fact mitochondrial. the effect of ethidium 
bromide on the synthesis was examined. This compound 
has been shown to selectively inhibit mitochondriai nucleic 
synthesis in viuo and in oitro [1’)_23]. The results showed 
that incorporation of ~,~H]thymidine or t’H]uridine into 
the mitochondrial fraction was inhibited 50% by ethidium 
bromide (at a concentration of 1 pgiml), whereas incor- 
poration into the nuclei-plus-cytoplasm fraction was either 
unaffected or stimulated. 

In an earlier study (181, we examined the effects of MeHg 
on nucleic acid synthesis in isolated nuclei in vitro and 
observed a specific stimulation of synthesis which was cata- 
lyzed by RNA polymerase II. To further examine the 
specificity of this phenomenon, it was of interest to esamine 
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Fig. 1. Effect of MeHg on nucleic acid synthesis in whole 
cells. Incorporation of [“HJthymidine or [3H]uridine into 
DNA or RNA, respectively, in the various subcellular 
functions was measured in the presence of the indicated 
concentration of MeHg, as described in Materials and 
Methods. (A) DNA: (0) nuclei-plus-cytoplasm (100% = 
6.3 x 10’ cpm); and (0) mitochondria (100% = 1.6 x 10” 
cpm); (B) RNA: (0) nuclei-plus-cytoplasm (100% = 5.2 
x 10’cpm): and (0) mitochondria (100% = 2.4 x 10J 

cpm). 

To determine the specificity of the synthesis by our 
preparation of isolated mitochondria, ethidium bromide 
was again employed. As shown in Fig. 2, synthesis of DNA 
and RNA in vitro by a mitochondrial preparation was 
inhibited by ethidium bromide, whereas synthesis by nuclei 
under the same conditions was unaffected. The bulk of the 
synthesis in vitro by the preparation was thus clearly mito- 
chondrial. The effect of MeHg on DNA synthesis by iso- 
lated nuclei and mitochondria is illustrated in Fig. 3. The 
results show that mitochondrial DNA synthesis was 
inhibited by MeHg; the sensitivity of DNA synthesis in the 
two organelles was similar, with mitochondria exhibiting 
perhaps slightly less sensitivity. A priori, preferential 
inhibition of mitochondrial DNA synthesis might have been 
anticipated because of the presence of single-stranded 
regions in replicating mitochondrial DNA [24] and the 
binding of MeHg to single stranded DNA [25]. Clearly, 
however, no such preferential inhibition occurred, either 
in vivo or in vitro (Figs. 1A and 3). 

The differential effects of MeHg on nuclear (Y- 
amanitin-sensitive and -resistant RNA synthesis in vitro 

ETH I Dl UM BROMIDE (,ug/d 

Fig. 2. Effect of ethidium bromide on nucleic acid synthesis 
in isolated mitochondria and nuclei. Mitochondria and 
nuclei were isolated, and nucleic acid synthesis was meas- 
ured as described in Materials and Methods. Key: (0) 
DNA synthesis, mitochondria (100% = 1.3 x lo3 cpm); 
(A) DNA synthesis, nuclei (100% = 2.9 x lo3 cpm); 
(0) RNA synthesis, mitochondria (100% = 1.3 x lo3 cpm); 
and (A) RNA synthesis, nuclei (100% = 1.8 x 10” cpm). 

MeHg (PM) 

Fig. 3. Effect of MeHg on DNA synthesis in isolated 
mitochondria and nuclei. Experimental conditions were 
described in Materials and Methods. Key: (0) mitochon- 
dria (100% = 2.7 x lo3 cpm); and (0) nuclei (100% = 1.3 

X lo3 cpm). 

are illustrated in Fig. 4. This figure also shows that MeHg 
inhibited mitochondrial RNA synthesis; the dose-response 
appears similar to that of nuclear a-amanitin-resistant syn- 
thesis. Although mitochondrial RNA polymerases have not 
yet been unambiguously characterized, it seems clear that 
mitochondria do possess a distinct enzyme which resembles 
nuclear RNA polymerase I in its insensitivity to cu-amanitin 
[26,27]. These results indicate that the enzymes are also 
similar in their sensitivities to MeHg and further indicate 
that the stimulatory effect of MeHg on RNA synthesis in 
vifro is specific for RNA polymerase II-catalyzed synthesis 
in isolated nuclei. 

In summary, the effects of methyl mercury on mito- 
chondrial synthesis of DNA and RNA in HeLa cells have 
been investigated and compared to its effects on nuclear 
synthesis. In intact cells the compound inhibited both DNA 
and RNA synthesis in mitochondria at doses which were 
virtually identical to those which inhibited nuclear syn- 
thesis. DNA synthesis in isolated mitochondria was also 
inhibited by methyl mercury, but the synthesis was some- 
what less sensitive than nuclear DNA synthesis. The effect 
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Fig. 4. Effect of MeHg on RNA synthesis in isolated 
mitochondria and nuclei. Experimental conditions were as 
described in Materials and Methods. Key: (0) nuclei, (Y- 
amanitin (0.5 pg/ml) resistant synthesis (100% = 2.6 x 
103cpm); (0) nuclei, n-amanitin-sensitive synthesis (total 
minus resistant) (100% = 1.1 X 10’ cpm); and (A) mito- 

chondria (100% = 1.6 x lo3 cpm). 
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of methyl mercury on RNA synthesis in isolated mito- 
chondria was similar to its effect on cu-amanitin-resistant 
RNA synthesis in isolated nuclei, i.e. inhibition (in contrast 
to a-amanitin-sensitive RNA synthesis in isolated nuclei 
which was stimulated by methyl mercury). 
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